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Abstract
As the society pays more and more attention to the environment pollution and energy crisis, the electric
vehicle (EV) development also entered in a new era. With the development of motor speed control
technology and the improvement of motor performance, although the dynamic performance and
economical cost of EVs are both better than the internal-combustion engine vehicle (ICEV), the driving
range limit and charging station distribution are two major problems which limit the popularization of
EVs. In order to extend driving range for EVs, regenerative braking (RB) emerges which is able to
recover energy during the braking process to improve the energy efficiency. This thesis aims to
investigate the RB based pure electric braking system and its implementation.
There are many forms of RB system such as fully electrified braking system and blended braking system
(BBS) which is equipped both electric RB system and hydraulic braking (HB) system. In this thesis the
main research objective is the RB based fully electrified braking system, however, RB system cannot
satisfy all braking situation only by itself. Because the regenerating electromagnetic torque may be too
small to meet the braking intention of the driver when the vehicle speed is very low and the regenerating
electromagnetic torque may be not enough to stop the vehicle as soon as possible in the case of
emergency braking. So, in order to ensure braking safety and braking performance, braking torque should
be provided with different forms regarding different braking situation and different braking intention.
In this thesis, braking torque is classified into three types. First one is normal reverse current braking
when the vehicle speed is too low to have enough RB torque. Second one is RB torque which could
recover kinetic energy by regenerating electricity and collecting electric energy into battery packs. The
last braking situation is emergency where the braking torque is provided by motor plugging braking based
on the optimal slip ratio braking control strategy.
Considering two indicators of the RB system which are regenerative efficiency and braking safety, a
trade-off point should be found and the corresponding control strategy should be designed. In this thesis,
the maximum regenerative efficiency is obtained by a braking torque distribution strategy between front
wheel and rear wheel based on a maximum available RB torque estimation method and ECE-R13
regulation. And the emergency braking performance is ensured by a novel fractional-order integral sliding
mode control (FOISMC) and numerical simulations show that the control performance is better than the
conventional sliding mode controller.
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Chapter 1
Introduction
1.1 Background
With the development of automobile manufactory technology, vehicles have improved people’s living
standard and become a very important role in the modern society. Automobile industry has also become a
pillar industry in many countries, which contributes a lot to their domestic economy. However, the side
effects have been found behind positive effects such as the air pollution, energy crisis, greenhouse effect
and traffic safety issues which are the main problems all countries facing [1].
ICEVs had market dominance with a very high market share for decades in last century, however, the
fossil energy crisis and climate change force people to consider about new energy vehicle. Compared
with conventional ICEVs, hybrid electric vehicles (HEVs) provide a fuel economy improvement, but
HEVs cannot completely resolve the abovementioned issues. Thus, after the temporary step in the
development of HEVs, EVs are more likely to be a solution for the energy issue because they are driven
clean energy[2]. Moreover, EVs exhibit many advantages as noise emission, high efficiency, low cost and
good acceleration[3]. And with the battery pack costs falling [4], EVs have drawn much attention and it is
found that EVs powered by the present European electricity mix offer a 10% to 24% decrease in global
warming potential (GWP) relative to conventional fossil fuel vehicles [5]. EVs also have simpler
structures than ICEVs, as shown in Figure. 1-1, an EV mainly consists of a traction motor, power
controller, DC-DC converter, battery packs and transmission.

Figure 1-1. Internal structure of an EV

However, EVs are not widely accepted so far, due to their drawbacks especially the limit of driving range,
battery charging station distribution and long charging time [6]. And there are so many literatures about
how to improve the energy efficiency and extend the driving range such as by adopting fast charging
battery packs [7], better energy management system [8], and routing system [9].
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With the urbanisation and increase of population, traffic jam becomes a worldwide problem, and
intensive intersections and traffic lights also make vehicle driving at a low speed and frequent stop-andgo mode. This urban driving condition causes low energy efficiency and due to the frequent stop-and-go
driving conditions the braking consumption energy accounts over 50% of the during traction in[10].
Considering that the electric motor especially the permanent magnet synchronous machine (PMSM)
could work as both a motor and a generator, thus, the kinetic energy consumed during braking process
could be transformed into electricity by a regenerative braking (RB) system [11]. Therefore, research on
RB control strategy is of great value.

1.2 PMSM
The PMSM has drawn people’s attention since the rare soil permanent magnet was successfully innovated
in 1960s due to the improvement of permanent magnet performance. The rotator of PMSM is made of
permanent magnet without field excitation coil, brush and slip ring which lead to less loss. And because
the permanent magnet made of rare soil has a higher energy product which makes the PMSM has smaller
volume, higher power and higher torque density so it has become more and more popular in 21st century
[12-14]. Besides, its rotating speed could strictly follow the voltage frequency and its controllable speed
range is wide. These important features make the PMSM to gradually occupy a wide range of drive
applications such as aviation [15], aerospace [16], automotive [17] and rail traction [18].

Figure 1-2. Profile of a PMSM with 6 poles

Figure1-2 shows the internal structure of a 6-pole PMSM. PMSM system exhibits characteristics of high
nonlinear, time-varying and strong coupling, in which the linear control method, such as proportionalintegral (PI) control, is difficult to obtain good control performance[19]. Thus, many decoupling control
strategies and nonlinear control methods are proposed. There are mainly two kinds of control strategies
for PMSM which are Field-Oriented Control (FOC) and Direct Torque Control (DTC).
FOC makes great contribution to decoupling of the AC motor system where the stator current is
decomposed into two components. One component defines the magnetic flux of the motor, the other the
torque and the DC motor control strategies could be applied to the AC motor[20]. And DTC is a kind of
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feasible algorithm to directly control torque and flux of variable frequency drives (VFDs)[21]. Based on
these two strategies some new control methods are proposed and applied in PMSM control system such
as fuzzy control (FC), robust control (RC), sliding-mode control (SMC), and model predictive control
(MPC)[22-25].

1.3 Regenerative braking
Regenerative braking is proposed to recycle energy during vehicle deceleration to improve energy
efficiency and there are mainly two kinds of RB system namely, mechanical and electrical.
The mechanical RB system mostly using hydraulic pumps to store high pressure liquid in accumulators
and the kinetic energy is converted to potential energy stored in accumulators. For the electric RB system,
due to every electric motor is able to work in two modes, motoring and generating when the motor
consumes power, the motor transforms electricity into kinetic energy and when it works as a generator it
generates electric energy by consuming kinetic energy [26]. The rotator of PMSM consists of permanent
magnet pieces, so there is always constant magnetic flux linkage in the PMSM. According to the
Faraday's law of electromagnetic induction: the motional electromotive force (EMF) generated by a
magnetic force on a moving wire, and the transformer EMF generated by an electric force due to a
changing magnetic field, the rotating magnetic flux linkage of the rotator generates EMF on the stator
winding. Then current is generated by EMF in a closed stator loop and the magnetic force on the rotator
and a magnetic field will interact with an electric circuit to produce an EMF and the drag force could be
used to brake. A bidirectional converter is usually used in the regenerative braking circuit, except for
control the motor speed while driving forward, the converter is also used to rectify AC power into DC
power to charge the battery packs [27].

Figure 1-3. Sketch of the regenerative braking system

As shown in the Figure 1-3, the regenerative braking system consists of a PMSM, a bidirectional
converter and battery packs. The bidirectional converter can switch its work mode to drive PMSM
transferring DC voltage to AC voltage in the case of driving mode and charge the battery packs by
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transferring AC voltage to DC voltage in the case of RB mode. In addition, there is scholars working on
the converter control algorithm to improve the regenerative efficiency [28].
Compared with the conventional hydraulic braking system, a motor RB system performs higher
efficiency, less vibration, higher controllability, higher sensitivity and faster response [29, 30]. In [31],
the motor provides both the driving and braking force. Though RB system has a lot of advantages, in
order to ensure braking safety, hydraulic brake is usually considered as the backup braking torque
provider and compensation braking torque provider which is called BBS [32]. So, the braking system
could be further divided in to serial and parallel regarding different braking torque distribution strategies.
In this thesis, the purpose is to design a fully electrified braking system without hydraulic braking
devices. And the fully electrified braking system control strategy is shown in Figure 1-4.

Figure 1-4. Braking control strategy
In Figure 1-4, the workflow of the fully electrified braking system is shown and the braking system is
divided into normal braking and emergency braking controlled by different control strategies.

14

1.4 Research aim and objectives
As discussed above, the development and popularity of EVs are limited by battery capacity, charging
station distribution and charging time. So, it becomes a very popular research area to improve the energy
efficiency and RB is widely used for EVs to improve the driving range and generate quick and accurate
braking torque. Many strategies have been proposed to improve braking energy recovery, braking
accuracy and braking comfort such as the modification of braking torque distribution, the use of
downshifts or other control strategies based on motor characteristics. To the best knowledge of the author,
there is no braking strategy whose design analyses the motor from a view of a generator system.
The limited RB torque usually cannot independently meet the requirements of the vehicle braking so
other forms of braking systems should make a compensation for this situation. In this thesis aiming at a
fully motor braking system, the compensation should be made by plugging braking or reverse current
braking. Thus, the maximum RB torque the motor could provide should be estimated according to the
wheel speed.
Both energy recovery efficiency and actuator electrification in braking system have room to be improved.
Energy recovery efficiency is mainly related to desired braking force, motor speed, motor characteristics,
and braking force allocation. The actuator electrification is usually implemented by motor braking system
which could provide more precise braking force with conventional HB system being eliminated. In this
thesis, the main purpose is to design a pure electrified braking system.
The PMSM works as a generator while the RB process and the maximum available braking torque,
namely, electromagnetic torque generated by the back EMF is the decided by the motor characteristics
and motor speed. In order to have the optimal braking torque distribution between front and rear wheels,
the maximum available RB torque at the varying motor speed must be calculated. So, an estimation
method is put forward by viewing the PMSM as a generator. The objective of this estimation is to
calculate real time maximum available RB torque with the motor speed varying.
In purpose of ensuring braking safety and optimal energy recycling efficiency on the condition of normal
braking, the braking torque distribution rate should be ascertained. In my thesis, a strategy of braking
torque distribution and braking mode selection is designed according to the ECE-R13 regulation. The
objective of this strategy has two aspects. First one is to adjust the braking torque distribution rate
according to varying desired braking torque and the vehicle speed. And the other one is to shift the baking
mode between RB and reverse current braking.
Safety is the most important indicator for emergency braking. In order to obtain the largest tyre-road
fiction, the slip ratio must track the optimal slip ratio by control the emergency braking torque. So, a
braking torque control algorithm is designed and its objective is to keep the vehicle tracking the optimal
slip ratio.
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1.5 Research outline
In Chapter 2, a review of literatures related to the research and the background information is proposed to
support the concepts developed in the thesis. Firstly, the existing structures of the RB system are
described. Then, a review of the RB control strategies is proposed in the following part. And literatures of
cooperative braking strategies are reviewed and a research gap is found.

In Chapter 3, the normal braking system is introduced. A novel braking torque distribution strategy is
designed with a consideration of ECE regulation and an estimation of maximum available RB torque.
And reverse current braking is used to compensate the RB torque according to realise the pure electrified
braking system. And the feasibility is verified by numerical simulation in Matlab/Simulink.

In Chapter 4, a new braking controller is designed for the emergency braking. Fractional order integral
(FOI) is introduced to the conventional SMC controller. So, the chattering is decreased due to the FOI
terms in the sliding surface and in the switching function. And the control performance is validated by
numerical simulation in Matlab/Simulink.

At last, a summary of this thesis is reviewed in Chapter 5. And the future research is also discussed.
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Chapter 2
Literature review
2.1 Introduction
This chapter reviews some of the existing key technologies for PMSM RB systems. An overview of
braking systems, PMSM RB and its control strategies, braking torque distribution strategies and RB
coordinated with transmission systems for EVs are presented in this chapter. The contents of this chapter
are organized as follows. Section 2.2 covers existing research on RB systems for EVs. A number of
studies reporting on braking torque distribution strategy are reviewed in Section 2.3. In Section 2.4,
Various RB control strategies for PMSM are presented. A review of coordinate control of RB systems is
carried out in Section 2.5. Finally, a summary is provided in Section 2.6.

2.2 RB Systems
Currently, in order to ensure driving safety, friction brake is usually adopted meanwhile to compensate
the shortcomings of motor braking system (MBS) which is called BBS. In Chapter 1, the RB system is
classified into different forms according to different braking torque allocation mode namely serial and
parallel [33, 34]. In serial blended RB, aiming at high regenerative efficiency only RB system works
when the desired braking torque is small and the friction braking torque makes a compensation when the
braking torque should be large [35]. While in parallel RB, both of the electromagnetic braking torque
from RB system and friction braking torque from hydraulic braking system work simultaneously at all
times with a proportion to ensure the braking safety [36].

Figure 2-1. Braking force of serial and parallel distribution

In order to simplify the structure of the braking system, the pure electrical brake has also drawn
researchers’ interests in recent years. In [37], drivers’ braking intention could be viewed as normal
braking and emergency braking and the braking torques are both provided by the PMSM. In the normal
braking case, the PMSM works as a generator to provide braking force and regenerate energy. In the
emergency case, the PMSM is exerted with inverse voltage to generate sever barking force which

17

consumes energy to stop the vehicle as soon as possible. And as the motor and motor control technique
developing, the pure electrical brake system is going to be further studied in depth and widely used.

2.3 RB Control algorithms
As discussed in Chapter 1, vehicle braking control is mainly concerned with two conditions: normal
braking control and emergency braking control. In the following sections, the research achievements
regarding these two braking conditions are presented.

2.3.1 Normal Braking Control
The purpose of normal brake is to gradually slowdown the vehicle to a lower speed. So, RB system can
play a very important role to generate braking force and recover energy. In order to have a better
regenerative efficiency, serial braking torque allocation strategy is always selected in this case and many
control strategies have been put forward. Figure 2-2 shows the work principle of normal braking control
system. Firstly, the braking deceleration (𝑎𝑎𝑑𝑑 ) intention is identified by sensing the braking pedal

displacement (𝑝𝑝𝑑𝑑 ). Normally, the braking force is in linear proportion of the pedal displacement. The

second step is to follow the desired braking force (𝑇𝑇𝑏𝑏_𝑑𝑑𝑑𝑑𝑑𝑑 ) by a feedback control of real braking torque

�𝑇𝑇𝑏𝑏_𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 �.

Figure 2-2. Normal braking control framework

A fuzzy logic distribution strategy of braking force is adopted in [38] because of its well collaborative
control performance with a PID controller, and numerical simulation and experiments results show that
the smooth transition is realised. A new braking torque distribution strategy is proposed by analysing the
working area of the PMSM and the maximum electromagnetic torque regarding different speed to
improve the regenerative efficiency in [39]. In [40] the evaluation methods of contribution brought by
regenerative braking to improve electric vehicle’s energy efficiency are discussed and analysed by the
energy flow. Apart from the contribution at strategy level, many scholars consider about add some
accessory devices to have a higher efficiency. Due to the high power density of super-capacitors, they are
employed to withstand high current in the short time and essentially capture more regenerative energy
[41].
No matter how energy is worth recycling, braking safety cannot be ignored. So, it becomes an optimal
problem to have a trade-off between regenerative efficiency and braking safety. In [42] a MPC algorithm
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is designed to give considerations to RB and HB which represent regenerative efficiency and safety
respectively. And a novel switching compensation control strategy using sliding mode control is brought
forward and has independent control of HB and RB, through which a balance between braking
performance, braking reliability, braking safety and fuel economy is achieved [43]. Except for normal
control strategies, fail-safe control should be a critical part in the whole braking system and the driver’s
subjective behaviour also should be taken into consideration. In [44], a fail-safe control strategy is
designed considering the driver’s behaviour to enhance control performance and ensure safety for
braking safety.
Braking accuracy is also a very important indicator of braking system performance, however, the braking
torque is very hard to measure in a real time control system. To solve this problem and improve braking
accuracy, [45] presents a model-based torque observer to estimate the drive shaft torque using
transmission output shaft angular speed and driven wheel angular speed. For further improvement of an
electric vehicle's drivability and blended braking performance, an active control algorithm with a
hierarchical architecture is studied for powertrain backlash compensation and a high-level hybrid
observer for backlash identification is designed [46]. In [47], there are a longitudinal tyre force observer
designed in cope with the measuring noise of angular velocity, a modular velocity observer proposed to
estimate the vehicle longitudinal velocity and a feedback hierarchical controller designed to improve the
control accuracy.
After satisfying the braking performance, braking comfort should be concerned about. An index for
evaluating degree of passengers’ riding discomfort is designed in [48] to realize the desired braking
control, which has been investigated based on the jerk occurring in actual EVs. In [49], a baseline control
strategy is brought forward which is based on the original front–rear braking force distribution
coefficient, and it targets coordinated control of the RB force and the HB force, while ensuring adequate
brake pedal feel and braking comfort.

2.3.2 Emergency Braking Control
In the case of the emergency braking situation, in order to make full use of the tyre-road friction and
shorten the braking distance, the optimal vehicle wheel slip ratio should be obtained (as discussed in
Chapter 1). And then the braking torque should be controlled to make the real wheel slip ratio track the
optimal slip ratio. Among existing literatures, emergency braking control is usually divided into two key
steps, as shown in Figure 2-1. In case of the emergency braking, ABS is widely adopted to ensure the
braking performance and braking safety. As for ABS control, the main purpose is to control the wheel slip
ratio (𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ), namely, to make wheels slip at the optimal slip ratio (𝜆𝜆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ) during the braking process

by controlling the braking torque (𝑇𝑇𝑏𝑏 ).
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Figure 2-3. Emergency braking control framework
So, there are two key steps for the emergency braking control. The first step is to find the optimal slip
ratio through calculation or empirical formular and the second step is to track the optimal slip ratio by the
braking torque control.
The optimal slip ratio is usually acquired by the tyre model and the magic formula [50] is the most widely
used mathematical model of tyres. And there are many methods to get the optimal slip ratio regarding
different situations. In [51], a comparison is made between an one point prediction method and a threepoint prediction where the deceleration at three different predefined slip ratios is measured and a
reference value is selected initially in the one point prediction. But in reality, the optimal slip ratio varies
along with different road condition and even changes a lot at different parts of one road. So an adaptive
algorithm is developed in [52] which senses the road condition change and estimates a time-varying
optimal braking slip ratio by two on-line simultaneously operating tire-road friction-curve slope
calculators.
Once the optimal slip ratio is estimated, the vehicle must track it to acquire the maximum deceleration
and minimum braking distance. In order to achieve this objective, there are many control algorithms
proposed. The most conventional control methods, such as PID control, have been applied [53-55]. But
the vehicle dynamics during emergency braking is nonlinear and under a severe braking torque there will
be a strong disturbance and uncertain time-varying parameters in the braking control system. Compared
with PID control, the Advanced Process Control (APC) and Intelligent Control strategies have a better
performance in time-varying or nonlinear systems, because they are less model parameter relied and have
strong robustness under the influence of disturbance. The most famous braking system for emergency
braking is Anti-lock Braking System (ABS) which aims at keep slip ratio tracking the optimal slip ratio
through controlling the braking torque instead of wheel completely being locked. And SMC is a very
proper method to solve the nonlinear problems and track the optimal slip ratio for its strong robustness
and nonlinearity. In [56, 57], SMC strategies are brought forward to control the braking force and keep
the slip ratio being optimal. Moreover, to deal with the parameters perturbation of the vehicle dynamics
during emergency braking, the author uses FC strategy to design a SMC system which is effective in
adapting changes for ABS [58]. The motor output torque is limited by the motor maximum torque, which
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varies with motor angular velocity and battery voltage, so the motor maximum output torque limitation
should be considered as system time-varying constraints. In order to ensure vehicle safety, optimal slip
ratio zone should be considered as time-domain constraints of the braking system. In [59], these two timevarying key parameters are controlled by a nonlinear MPC strategy. Because of the difficulty to build an
accurate mathematical model of the braking system, some researchers leave the modelling task to neural
models. The authors develop and integrate two different dynamic neural models based on dynamic neural
networks in [60] where the first neural model is used for modelling and the inverse neural model is able to
offer the prediction of the brake hydraulic force needed for achieving the desired braking torque. And
both neural models have inherent abilities for on-line learning and prediction during each braking cycle
and an intelligent adaptation to the change of influences of braking torque and vehicle speed on the
braking process.
In most literatures braking torque is provided by all hydraulic braking system (HBS) or a blend of HBS
and MBS, while there are fully electrified braking systems used in emergency braking. In [61], a braking
system using only electric motors as the actuators is investigated, in which the energy may be potentially
fed back to the on-board energy storage system (ESS) as much as possible. And a knowledge-based
methodology in a hierarchical control structure is proposed, where the maximum adhesion force and the
motor reference torque are determined online. A SMC based plugging braking is used for emergency
braking in [37] where optimal slip ratio control is adopted and it is able to obtain the shortest braking
distance.

2.4 Cooperative Control with Transmission
Regenerative braking might be a very effective way of energy conservation. However, the braking energy
usually cannot be regenerated completely due to the limit of the motor’s maximum RB torque. When the
RB torque provided by electric motor cannot meet the driver’s braking demand, the HB system should
make a compensation which results in braking energy loss or the motor should be exerted with inverse
voltage to generate sever plugging barking force which consumes a lot of energy. Therefore, it is
meaningful to adjust motor’s working point to maximize the regenerative energy by transmission
downshifting. The workflow of cooperative braking control with transmission in is shown in Figure 2-4.
Once the driver has braking intention, the desired braking acceleration 𝑎𝑎𝑑𝑑 could be calculated through the
brake pedal displacement. The cooperative controller is able to find an optimal gear ratio (𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟_𝑑𝑑𝑑𝑑𝑑𝑑 ) of the

transmission system to expand the RB torque and improve the energy recovery efficiency. And there is a
closed control loop between desired braking torque (𝑇𝑇𝑏𝑏_𝑑𝑑𝑑𝑑𝑑𝑑 ), optimal gear ratio (𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟_𝑑𝑑𝑑𝑑𝑑𝑑 ), real braking

torque (𝑇𝑇𝑏𝑏_𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ) and, real gear ratio (𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟_𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ).
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Figure 2-4. Cooperative Control with Transmission framework
In [62], Automated Transmission (AMT) downshifting strategy is adopted during RB process. A
Dynamic Programming algorithm is designed as a global optimization method to calculate the maximum
regenerative energy and hardware-in-loop tests prove that the energy conservation of RB with
downshifting can be increased by 10.5–32.4% compared to that without downshifting. A hierarchical
algorithm is presented in [63] for EVs where the upper-level algorithm is synthesized to assign braking
force among regenerative braking, friction braking, front axle braking, and rear axle braking. In the
medium level algorithm, the motor speed, efficiency characteristics, and assigned regenerative braking
torque from upper-level algorithm were used to analyse the optimal shift points for improving
regenerative efficiency. In the lower-level algorithm, the linear control for the transmission was given to
ensure seamless and smooth shifting. Many shifting strategies are proposed through the analysis of the
motor efficiency map and find the best work point under different vehicle speed and different desired
braking torque. Study in [64], the most important factor concerned about is the energy consumption of the
vehicle. The target of the schedule designed for an electric vehicle is remaining the electric motor
operating within the high efficiency region and by analysing the motor efficiency map, a shift schedule is
proposed. An optimal operation line (OOL) is proposed for the most efficient motor operation during the
braking by analysing the efficiency map [65]. The OOL is obtained by finding the optimal working point
of the motor under every braking power point and corresponding speed point. And this control strategy is
applied to a continuously variable transmission (CVT) bench tester and it is proved that this cooperative
control offers an improved battery state of charge (SOC), which provides increased recuperation energy
by 8 per cent for the federal urban driving schedule compared with that of the conventional control. Not
only a higher energy recovery efficiency but also comfort become an important indicator attracts
scholars’ interests. A seamless shift transmission is selected in [66] which can both improve energy
recovery efficiency and maintain comfort for RB system. This paper focuses on when to downshift during
the RB process and designs a four-step downshift control algorithm to decrease the torque interrupt and
reduce the dependence on the changes of friction braking during downshift, which includes steady-statelike control, reference-dynamic-based feed forward control, back-off compensation control and tracking
error feedback control.

2.5 Research Gap
Among the existing literatures, most scholars focus on hybrid braking which is composed of HB and RB
where RB is only used as a compensation to the entire vehicle braking system to recycle energy. This
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kind of blend braking system requires two kinds of braking actuating devices on a vehicle, which may
lead to high expense of daily maintenance or extra weight. So, the author proposed an idea of pure
electrified braking system in this thesis where all of the braking force is provided by the motor. The motor
is able to provide braking torque through RB mode and plugging braking mode which are used for normal
braking and emergency respectively.
For the normal braking situation, scholars usually select HB to provide braking force at a low vehicle
speed where the motor speed is too low to satisfy the desired deceleration at the RB mode. Under the idea
of the pure electric braking system, the braking force should be also ensured by the motor by applying
reverse current rather than the RB mode. There are many literatures studying the optimal braking force
allocation rate between front and rear wheel considering braking safety, braking comfort and energy
recycling efficiency. In this thesis, the energy recycling efficiency is also considered and limited by the
braking force distribution regulation ECE-R13.

The SMC is usually selected to build the ABS controller to cope with the emergency in existing papers. In
order to improve the control performance of the SMC controller, there are many methods proposed of
which is by introducing a fractional order integral into the sigh function of the SMC controller. So, in this
thesis, the FOISMC is adopted to make the wheel slipping at the optimal slip ration in an emergency
braking situation.
Thus, a pure electrical braking system could be built by the above-mentioned designed braking strategy.
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Chapter 3
Normal braking control strategy
3.1 Introduction
Fully electrified braking system or pure electric braking system has advantages of simple structure, low
maintenance, braking energy recovery and high control accuracy.

Figure 3-1. Sketch of the independent braking system.
As shown in Figure 3-1, the braking system consists of PMSM, converter, power source, reducer and
wheel. As discussed in Chapter 1, the converter is used to transform AC and DC voltage between motor
and battery sides. And the reducer could extend driving torque, braking torque and speed input during
regenerative braking. Two working modes of PMSM, namely, two different braking types are shown in
Figure 3-2.

Figure 3-2. Model of reverse current braking and regenerative braking.
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As shown in Figure. 3.2, regenerative braking system recovers energy when power flows out of the
PMSM to the battery packs. Reverse current braking works when power flow into the PMSM to generate
a reverse electromagnetic braking torque.

In order to sufficiently utilize the regenerative braking system and simplify the braking system structure,
a fully electrified braking system for normal braking situation is considered as a research objective in this
chapter. In order to implement pure electric braking in the case of normal braking, a new braking strategy
is proposed in this chapter, which is based on the analysis of generator working characteristics of PMSM.
In Section 3.2, the electric characteristics of PMSM, input-output characteristics of PMSM and the
dynamics model of vehicle braking are introduced. In Section 3.3, the whole control diagram is
introduced which includes an available RB torque estimator, braking force distribution for normal
braking. And a motor control system for implementation is given in Section 3.4. Finally, conclusions and
numerical simulations are conducted in Section 3.5.

3.2 System Model
3.2.1 PMSM Model
The general characteristics of PMSM is introduced in Section 1.2 and in this section the mathematical
model of PMSM will be discussed. The whole independent in-wheel braking control system is shown in
the Fig. 3-1. As a key part to drive the vehicle and regenerate energy, the mathematic model of a PMSM
and its characteristics should be analysed first. The voltage equation and flux linkage equation are
expressed as follow
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where 𝑣𝑣𝑎𝑎 , 𝑣𝑣𝑏𝑏 and 𝑣𝑣𝑐𝑐 - are the individual phase voltages across the stator windings.
𝑅𝑅𝑠𝑠 is the equivalent resistance of each stator winding.

𝑖𝑖𝑎𝑎 , 𝑖𝑖𝑏𝑏 and 𝑖𝑖𝑐𝑐 - are the currents flowing in the stator windings.

𝜓𝜓𝑎𝑎 , 𝜓𝜓𝑏𝑏 , and 𝜓𝜓𝑐𝑐 are the total fluxes linking each stator winding.

𝐿𝐿𝑎𝑎𝑎𝑎 , 𝐿𝐿𝑏𝑏𝑏𝑏 , and 𝐿𝐿𝑐𝑐𝑐𝑐 are the self-inductances of the stator windings.

𝐿𝐿𝑎𝑎𝑎𝑎 , 𝐿𝐿𝑎𝑎𝑎𝑎 and 𝐿𝐿𝑏𝑏𝑏𝑏 are the mutual inductances of the stator windings.

𝜓𝜓𝑎𝑎𝑎𝑎 , 𝜓𝜓𝑏𝑏𝑏𝑏 , and 𝜓𝜓𝑐𝑐𝑐𝑐 are the permanent magnet fluxes linking the stator windings.
And the electromagnetic torque is expressed as
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(3-1)

(3-2)

𝑇𝑇𝑒𝑒 =

𝑃𝑃𝑒𝑒
𝜔𝜔

(3-3)

where 𝑇𝑇𝑒𝑒 is the electromagnetic torque, 𝑃𝑃𝑒𝑒 is the electromagnetic power and 𝜔𝜔 is the angular velocity.
To facilitate control, the model of PMSM is usually transferred to q-d reference coordinate by Park’s

transformation [67]. After Park’s transformation, the equivalent stead-state circuit model of PMSM is
shown in Figure 3-3.

Figure 3-3. Steady-state equivalent circuit model of PMSM
And the equivalent mathematical model in d-q coordinate is expressed as
𝑢𝑢𝑞𝑞 = −�𝑅𝑅𝑠𝑠 𝑖𝑖𝑞𝑞 + 𝑃𝑃𝑛𝑛 𝐿𝐿𝑞𝑞 𝑖𝑖𝑞𝑞 + 𝜔𝜔𝐿𝐿𝑑𝑑 𝑖𝑖𝑑𝑑 � + 𝜔𝜔𝜓𝜓𝑓𝑓
�
𝑢𝑢𝑑𝑑 = −(𝑅𝑅𝑠𝑠 𝑖𝑖𝑑𝑑 + 𝑃𝑃𝑛𝑛 𝐿𝐿𝑑𝑑 𝑖𝑖𝑑𝑑 ) + 𝜔𝜔𝐿𝐿𝑞𝑞 𝐼𝐼𝑞𝑞
𝑇𝑇𝑒𝑒 = 𝑃𝑃𝑛𝑛 𝑖𝑖𝑞𝑞 (𝑖𝑖𝑑𝑑 �𝐿𝐿𝑑𝑑 − 𝐿𝐿𝑞𝑞 � + 𝜓𝜓𝑓𝑓 )

(3-4)
(3-5)

where 𝐿𝐿𝑞𝑞 and 𝐿𝐿𝑑𝑑 are the d- and q-axis inductances, 𝑢𝑢𝑞𝑞 and 𝑢𝑢𝑑𝑑 are the two-axis machine voltages, 𝑖𝑖𝑞𝑞 and

𝑖𝑖𝑑𝑑 are the two-axis machine currents and 𝑅𝑅𝑠𝑠 is the stator resistance. 𝜔𝜔 is the rotator’s angular velocity, 𝜓𝜓𝑓𝑓

is the permanent magnet flux linkage, 𝑃𝑃𝑛𝑛 is the number of pole pairs and 𝑃𝑃𝑒𝑒 is the electromagnetic power.
For the non-salient outer rotor PMSM, 𝐿𝐿𝑞𝑞 = 𝐿𝐿𝑑𝑑 then equation (3-5) can be rewritten as:
𝑇𝑇𝑒𝑒 = 𝑃𝑃𝑛𝑛 𝑖𝑖𝑞𝑞 𝜓𝜓𝑓𝑓

(3-6)

3.2.2 Vehicle braking dynamics model
The tyre-road force is different under different braking conditions. In the case of normal braking, tyreroad force is only rolling friction. While in the case of emergency, the tyre-road friction is related to the
slip ratio which will be introduced in next chapter. Because only longitudinal motion is considered in this
paper, the two-wheel model or so-called bicycle model is selected to describe the braking dynamics of
front and rear wheel and the braking torque distribution between front and rear wheel, which is simple but
effective (see Figure 3-5).
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Figure 3-4. Bicycle model for braking dynamics
Compared with [20] where a quarter-vehicle model is selected, load movement z is introduced to cope
with the core of gravity (COG) movement due to inertia while braking process. Load movement is caused
by the inertia and vehicle suspension system while braking from the rear wheel to the front wheel, which
is closer to the reality. The dynamics equations are given as
𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐 =

−1
𝑚𝑚

�𝐹𝐹𝑏𝑏𝑏𝑏 + 𝐹𝐹𝑏𝑏𝑏𝑏 � − 𝐶𝐶𝑟𝑟 𝑔𝑔 − 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

(3-7)

𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑟𝑟(𝐶𝐶𝑟𝑟 𝑀𝑀𝑀𝑀 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )

(3-8)
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𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
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𝑀𝑀𝑀𝑀𝑙𝑙𝑎𝑎 +M𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐 ℎ𝑐𝑐𝑐𝑐𝑐𝑐

(3-9)
(3-10)

)
)

𝑙𝑙𝑎𝑎 +𝑙𝑙𝑏𝑏

𝑀𝑀𝑀𝑀𝑙𝑙𝑏𝑏 −M𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐 ℎ𝑐𝑐𝑐𝑐𝑐𝑐
𝑙𝑙𝑏𝑏 +𝑙𝑙𝑎𝑎

(3-11)
(3-12)
(3-13)
(3-14)

where 𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐 is the vehicle acceleration, 𝑀𝑀 is vehicle mass, 𝐹𝐹𝑥𝑥𝑥𝑥 and 𝐹𝐹𝑥𝑥𝑥𝑥 are longitudinal tyre forces of front
and rear wheels, 𝐶𝐶𝑟𝑟 is the rolling resistance of the tyre and 𝜃𝜃 is road gradient. 𝑣𝑣 is vehicle velocity, 𝜔𝜔 is
wheel angular velocity and 𝑟𝑟 is wheel radium. 𝑇𝑇𝑏𝑏𝑏𝑏 and 𝑇𝑇𝑏𝑏𝑏𝑏 are front and rear braking torque, 𝐺𝐺𝑓𝑓 and 𝐺𝐺𝑟𝑟

are gravity force of front and rear wheel undertake and 𝐽𝐽𝑟𝑟 is the moment of inertia of wheel. 𝑙𝑙𝑎𝑎 and 𝑙𝑙𝑏𝑏 are
the horizontal distances from front axle and rear axle to the COG, ℎ𝑐𝑐𝑐𝑐𝑐𝑐 is the height of vehicle COG,

𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the running resistant torque of vehicle, 𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is the wind resistance force. 𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is calculated by

the aerodynamic drag coefficient 𝐶𝐶𝑑𝑑 , frontal area 𝐴𝐴, and the air density ρ.

27

3.3 Control Strategy Design
3.3.1 Model-based RB torque Estimation
There are many RB control strategies proposed based on motor characteristics analysis, but seldom from
a generator system. Considering the input-output system dynamics is different between the driving mode
and RB mode, the author proposes an RB torque estimation method from a generator system view, as
shown in Figure 3-6.

Figure 3-5. The sketch of a generator system.
According to Figure 3-6, the system input source is the rolling friction of a wheel and the vehicle inertia.
According to Newton’s Third Law the braking torque make a deceleration to the vehicle equals the
electromagnetic torque generated by the motor. At the switching moment from motor mode to a generator
mode, the PMSM could be viewed as a generator working under a particular speed without load because
there is no braking command and no regenerating current. Although there is no stator current and
electromagnetic torque, the electromotive force has been built. According to the generated voltage
equation [68], for constant air-gap flux, the induced voltage in one phase is calculated as
𝑒𝑒(𝑡𝑡) = −𝜔𝜔𝜔𝜔𝐾𝐾𝑤𝑤 𝛷𝛷𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠 (𝜔𝜔𝜔𝜔)

(3-16)

where 𝑒𝑒 is the instantaneous value of EMF value at a certain moment 𝑡𝑡, 𝑁𝑁 is the number of turns per
phase, 𝐾𝐾𝑤𝑤 is the winding factor and 𝛷𝛷𝑚𝑚 is the net air-gap flux. However, 𝑒𝑒 at a certain moment is

irrelevant to our analysis, and we concern about the EMF under a certain angular velocity 𝜔𝜔. Thus, the
Root Mean Square (RMS) value of 𝑒𝑒 is adopted to evaluate the corresponding EMF as follow
𝐸𝐸 = √2𝜋𝜋𝜋𝜋𝜋𝜋𝐾𝐾𝑤𝑤 𝛷𝛷𝑚𝑚

(3-17)

where 𝐸𝐸 is the amplitude of EMF and 𝑓𝑓 is the electrical frequency of the generated voltage. The
relationship between EMF and angular velocity could be obtained by substituting.
𝑓𝑓 =

𝑛𝑛 =

𝑛𝑛𝑃𝑃𝑛𝑛

(3-18)

30𝜔𝜔

(3-19)

60

𝜋𝜋

where 𝑃𝑃𝑛𝑛 is the pole pairs number of the stator, 𝑛𝑛 is the rotational speed of the rotator and 𝜔𝜔 is the angular
velocity of the rotator. And then 𝐸𝐸 can be expressed as
𝐸𝐸 =

𝜔𝜔𝑃𝑃𝑛𝑛 𝑁𝑁𝐾𝐾𝑤𝑤 𝛷𝛷𝑚𝑚
√2
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(3-20)

Once the energy recovery circuit is closed, as for the generator, the electromagnetic torque becomes a
resistance to generate power and meanwhile this resistance is used to brake. And the expression for the
electromagnetic torque 𝑇𝑇𝑒𝑒 is

𝑃𝑃𝑒𝑒

𝑇𝑇𝑒𝑒 =

Then the electromagnetic power 𝑃𝑃𝑒𝑒 could be written as

𝜔𝜔

𝑃𝑃𝑒𝑒 = 3𝐸𝐸𝐼𝐼𝑠𝑠

(3-21)

(3-22)

where 𝐼𝐼𝑠𝑠 is the stator current. As 𝐸𝐸 is expressed above in (3-22), if the stator current 𝐼𝐼𝑠𝑠 is obtained, the

electromagnetic power 𝑃𝑃𝑒𝑒 could be confirmed. Although the inner resistance of the battery packs and the

impedance of the converter is varying under different SOC, the impedance in load circuit is bounded and
the boundary could be measured. Because of this and according to Ohm's Law, the stator current 𝐼𝐼𝑠𝑠 is
decided by both EMF and the impedance in the closed loop, which is expressed as
𝐼𝐼𝑠𝑠 =

𝐸𝐸
𝑍𝑍

(3-23)

where 𝑍𝑍 is the equivalent impedance in the whole close loop, which is consist of stator impedance and the
total outer circuit impedance. Then the electromagnetic torque 𝑇𝑇𝑒𝑒 could be rewritten as
𝑇𝑇𝑒𝑒 = 𝑘𝑘𝑘𝑘

where
𝑘𝑘 =

𝑚𝑚(𝜋𝜋𝜋𝜋𝑛𝑛 𝑁𝑁𝐾𝐾𝑤𝑤 Φ𝑚𝑚 )2
2𝑍𝑍

(3-24)

(3-25)

Thus, 𝑇𝑇𝑒𝑒 could be written as a linear function of 𝜔𝜔, and available RB torque could be figured out under a
certain 𝜔𝜔.

3.3.2 Braking Torque distribution
Safety and energy recycle efficiency are two key points should be considered to a design braking torque
distribution strategy. The braking torque distribution proportion 𝛽𝛽 between front and rear wheel which is
defined as

𝛽𝛽 =

𝐹𝐹𝑏𝑏𝑏𝑏

𝐹𝐹𝑏𝑏𝑏𝑏 +𝐹𝐹𝑏𝑏𝑏𝑏

(3-26)

Because the regenerative braking works only on the condition of normal braking. There will not be slip
between tyre and road, so the longitudinal adhesion force of the tyre will always be equal to the braking
force.
𝐹𝐹𝑏𝑏𝑏𝑏 = 𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

𝐹𝐹𝑏𝑏𝑏𝑏 = (1 − 𝛽𝛽)𝑀𝑀𝑀𝑀𝑀𝑀
𝜁𝜁 =

𝐹𝐹𝑏𝑏𝑏𝑏 +𝐹𝐹𝑏𝑏𝑏𝑏
𝑀𝑀𝑀𝑀

where 𝐹𝐹𝑏𝑏𝑏𝑏 and 𝐹𝐹𝑏𝑏𝑏𝑏 are the longitudinal adhesion force, namely, braking force of front wheel and ear

(3-27)
(3-28)
(3-29)

wheel respectively and 𝜁𝜁 is the braking severity. According to the definition and calculation in [69], the

coefficient of adhesion 𝛾𝛾 of front wheel and rear wheel could be calculated as
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𝛾𝛾𝑓𝑓 =

𝛾𝛾𝑟𝑟 =

𝐹𝐹𝑏𝑏𝑓𝑓

(3-30)

𝐹𝐹𝑏𝑏𝑏𝑏

(3-31)

𝐺𝐺𝑓𝑓
𝐺𝐺𝑟𝑟

where 𝛾𝛾𝑓𝑓 and 𝛾𝛾𝑟𝑟 are the coefficient of adhesion of front wheel and rear wheel. By substituting (3-13), (314), (3-27) and (3-28).
𝛾𝛾𝑓𝑓 =
𝛾𝛾𝑟𝑟 =

𝛽𝛽𝛽𝛽(𝑙𝑙𝑎𝑎 +𝑙𝑙𝑏𝑏 )

(3-31)

𝜁𝜁(1−𝛽𝛽)(𝑙𝑙𝑎𝑎 +𝑙𝑙𝑏𝑏 )

(3-32)

𝑙𝑙𝑏𝑏 +𝜁𝜁ℎ𝑔𝑔

𝑙𝑙𝑎𝑎 −𝜁𝜁ℎ𝑔𝑔

Economic Commission for Europe Regulation No.13-H (ECE R13-H) clearly defines the relationship
between the adhesion coefficient and the braking strength of the front and rear axles of a two-axle
passenger vehicle.
𝛾𝛾𝑓𝑓 ≤
𝛾𝛾𝑟𝑟 ≤

𝜁𝜁+0.04

(3-33)

𝜁𝜁+0.04

(3-34)

0.7

0.7

𝛾𝛾𝑟𝑟 ≤ 𝛾𝛾𝑓𝑓

(3-35)

For all states of load of the vehicle, the distribution proportion could be calculated by substituting (3-26)
to (3-29) into (3-33) and (3-34). Then the braking torque distribution ratio 𝛽𝛽 is constrained by an upper
limit and a lower limit
𝛽𝛽 ≥ 1 −
𝛽𝛽 ≤

(𝜁𝜁+0.04)(𝑙𝑙𝑎𝑎 −𝜁𝜁ℎ𝑔𝑔 )
0.8𝜁𝜁(𝑙𝑙𝑎𝑎 +𝑙𝑙𝑏𝑏 )

(𝜁𝜁+0.04)(𝑙𝑙𝑏𝑏 +𝜁𝜁ℎ𝑔𝑔 )
0.8𝜁𝜁(𝑙𝑙𝑎𝑎 +𝑙𝑙𝑏𝑏 )

As shown in Figure 3-6, line 𝑎𝑎 and line b are upper limit and lower limit respectively.

Figure 3-6. Limits of braking torque distribution between front and rear wheel
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(3-36)
(3-37)

So according to ECE Regulation, 𝛽𝛽 should be between the upper and lower limit line when 𝜁𝜁 in from 0.2

to 0.8. And there not clear regulation about the distribution proportion 𝛽𝛽 when 𝜁𝜁 is under 0.2, so 𝛽𝛽 could
be any value between 0~1 with 𝜁𝜁 under 0.2.

In this chapter, a braking torque distribution strategy is designed considering both braking safety and
regenerative efficiency. In order to ensure braking safety, compensation should be made when the
available RB torque is less than the desired braking torque and compensation braking torque should be
allocated on the front wheel first then the rear wheel. So, the braking torque distribution strategy is
designed as follow. Assuming that braking pedal is inserted with a travel sensor, the desired braking
torque could be calculated as
𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜅𝜅𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

(3-38)

where 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 is the desired braking torque, 𝜅𝜅 is the percentage of pedal travel and 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 is the sum of

maximum electromagnetic torque provided by the front and rear wheel. The braking intention is identified
as normal braking according to 𝜅𝜅 within 0-80%. When the braking pedal travels over 80%, emergency

braking will be triggered which will be introduced in next section. On the condition of normal braking,
there are 3 different subclasses decided by corresponding relationship between desired braking torque and
available RB torque.
(1) If 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 < 2𝑇𝑇𝑅𝑅𝑅𝑅 , it means that the available RB torque could meet the desired braking torque by
itself. 𝑇𝑇𝑓𝑓 and 𝑇𝑇𝑟𝑟 are both provided by RB torque. This situation probably occurs when the
vehicle speed is relatively high and no severe deceleration is necessary. No matter how 𝛽𝛽
changes, the efficiency is constant because only the RB torque works.
𝑇𝑇𝑏𝑏𝑏𝑏 = 𝑇𝑇𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 𝛽𝛽

(2) If 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 (1 − 𝛽𝛽𝑚𝑚𝑚𝑚𝑚𝑚 ) < 𝑇𝑇𝑅𝑅𝑅𝑅 <

𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑
2

𝑇𝑇𝑏𝑏𝑏𝑏 = 𝑇𝑇𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 (1 − 𝛽𝛽)

(3-39)
(3-40)

, it means that the available RB torque cannot meet the

necessary braking torque by itself and a compensation of reverse current braking (RCB) torque
is required. In this situation, a distribution strategy between RB torque and RCB torque is used
to satisfy the desired braking torque. In order to have the maximum RB torque namely the
maximum regenerative efficiency without making a sacrifice of safety, the torque compensation
should be imposed on the front wheel which accounts for a bigger proportion of total braking
torque and plays a more important role in whole braking system, thus, the distribution law is
𝑇𝑇𝑏𝑏𝑏𝑏 = 𝑇𝑇𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 𝛽𝛽𝑚𝑚𝑚𝑚𝑚𝑚

𝑇𝑇𝑏𝑏𝑏𝑏 = 𝑇𝑇𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 (1 − 𝛽𝛽𝑚𝑚𝑚𝑚𝑚𝑚 )

(3-41)
(3-42)

(3) If 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 (1 − 𝛽𝛽𝑚𝑚𝑚𝑚𝑚𝑚 ) > 𝑇𝑇𝑅𝑅𝑅𝑅 , it means that there is not enough RB torque could satisfy the minimal
proportion of the torque distribution and the braking torque is totally provided by the RCB

torque. It happens when the vehicle speed is too low to generative enough electromagnetic
torque, especially while parking a car or stopping the car and waiting for the traffic signals.
𝑇𝑇𝑏𝑏𝑏𝑏 = 𝑇𝑇𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 𝛽𝛽
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(3-43)

𝑇𝑇𝑏𝑏𝑟𝑟 = 𝑇𝑇𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 (1 − 𝛽𝛽)

(3-44)

Based on this braking torque distribution strategy, there will be a hybrid baking torque situation when RB
torque cannot satisfy the desired braking torque, RCB torque is going to make a compensation to a part of
the total desired braking torque, thus RB system could be fully utilized to recover energy as much as
possible. And meanwhile, considering the front wheel plays a more important role during braking
process, RC braking torque is prior to be exerted on front wheel to ensure braking performance and
braking safety.

3.3.3 Normal braking strategy implementation
RB and the reverse current braking are implemented by a PMSM which works as a generator and a motor
respectively. For PMSM control the FOC strategy is selected in this section to cope with the nonlinear
and strong coupling PMSM system. The main idea of FOC strategy is to control the motor speed and
motor torque separately which could be viewed as a decoupling control. The decoupling control is
implemented through frame transformations which are called Clarke’s transformation and Park’s
transformation. The 𝑎𝑎𝑎𝑎𝑎𝑎 reference frame is transformed into 𝛼𝛼𝛼𝛼 reference frame by Clarke’s

transformation. And the stationary 𝛼𝛼𝛼𝛼 reference frame could be further transformed into a 𝑑𝑑𝑑𝑑 rotating

reference frame by Park’s transformation where 𝑑𝑑 and 𝑞𝑞 are two components of the two-axis system in

the rotating frame. As for motor torque control, 𝑖𝑖𝑎𝑎 , 𝑖𝑖𝑏𝑏 and 𝑖𝑖𝑐𝑐 in a three-phase stationary reference frame

are transformed as 𝑖𝑖𝑑𝑑 and 𝑖𝑖𝑞𝑞 which is easier to control separately. After having 𝑖𝑖𝑑𝑑 and 𝑖𝑖𝑞𝑞 , conventional

proportional-integral (PI) controllers are adopted to control the torque by a torque loop in the motor
control system. Normally, FOC strategy is usually used with space vector pulse width modulation

(SVPWM) to control the invertor or convertor which actually control the frequency of motor input by
PWM wave. And the whole motor control system diagram is given as follow in Figure 3-7.

Figure 3.7. Motor control system for normal braking system
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In the control system, PI controllers are used to keep the measured current components 𝑖𝑖𝑑𝑑 and 𝑖𝑖𝑞𝑞 at their
reference values. The pulse-width modulation of the variable-frequency drive defines the transistor

switching according to the stator voltage references that are the output of the PI current controllers.
According to FOC strategy, two orthogonal components 𝑖𝑖𝑑𝑑 and 𝑖𝑖𝑞𝑞 which define the magnetic flux and the
torque respectively through Park and Clark frame transformation. The sensed real current values are used
as feedback for the PI controller, so RB torque is controlled by this closed loop torque control system.

3.3.4 Numerical simulation results
In order to verify the feasibility of the proposed normal braking control system, the estimation method,
torque distribution between RB and RCB, and the motor control system is tested by the Simulink
simulations. The system parameters are listed in the Table 3-1.
Table 3-1. System parameters
Symbol

Property

Value

Units

𝜓𝜓𝑓𝑓

Permanent magnetic flux linkage

0.192

Wb

𝑃𝑃𝑛𝑛

Number of pole pairs

4

-

𝑅𝑅𝑠𝑠

Stator resistance

0.4

Ω

𝐿𝐿𝑞𝑞/𝑞𝑞

d/q axis inductance

0.58

mh

Constant

1

-

𝑚𝑚

Vehicle mass

1460

kg

Wheel radius

0.3

m

𝐽𝐽

Moment of inertia of bicycle model

72

Height of the COG

0.5

𝑘𝑘𝑘𝑘 ∗ 𝑚𝑚2

𝑙𝑙𝑎𝑎

Distance from COG to the front axle

1.3

m

𝑙𝑙𝑏𝑏

Distance from COG to the rear axle

1.3

m

A

Front area

2.2

ρ

Air density

1.29

𝑚𝑚2

g

Gravity acceleration

9.8

𝑘𝑘𝑘𝑘 ∗ 𝑚𝑚3

Z

Equivalent impedance

1

Ω

𝐾𝐾𝑤𝑤
r

ℎ𝑐𝑐𝑐𝑐𝑐𝑐

m

-

According to the RB torque estimation method in section 3.3.1, by viewing the PMSM as a generator, the
maximum RB torque, namely, the maximum electromagnetic torque is related to the motor speed. As
shown in Figure 3-8, simulation result shows the electromagnetic torque and motor speed. So, the
maximum available RB torque could be obtained with a certain motor speed. If the maximum available
RB torque is bigger than the desired braking torque, the RB torque value could be acquired through the
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motor control system, otherwise, a RCB torque will make a compensation to satisfy the driver’s braking
intention. Then the working of normal braking system is shown in Figure 3-9.

Figure 3-8. Normal braking strategy

At each of the three stages, the braking torque of front and rear wheel and the braking torque distribution
rate 𝛽𝛽 are shown in Figure 3-10, Figure 3-11 and Figure 3-12.

Figure 3-9. Braking torque of front wheel
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Figure 3-10. Braking torque of rear wheel

Figure 3-11. Braking torque distribution rate 𝛽𝛽

As shown in Figure 3-10 and Figure 3-11, at the first stage from 0 to the 6.834s, the motor speed is able
to generate enough RB torque, so all of the braking torque is provided by RB torque and the braking
torque distribution rate between front and rear wheel is 0.5. During this period, the motor speed is
descending and the electromagnetic torque the opposite to its rotating speed, which could be the resistant
torque to decelerate the vehicle. PMSM works as a generator and the regenerative current flows from the
PMSM to the battery packs so that the energy could be recovered.
At the second stage from the 6.834s to 7.638s with the vehicle speed getting decreased, once the PMSM
cannot generate enough RB torque to satisfy the driver’s braking intention, RCB system makes a
compensation on the front wheel and the RB torque will be only allocated on the rear wheel. With vehicle
deceleration, the motor speed keeps decreasing and the RB torque decreases as well. In order to maintain
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enough braking torque, the RCB torque on the front wheel should account bigger proportion of the total
desired braking torque. So, the braking torque distribution ratio β should be varying to allocate more RCB
torque on the front wheel and make full use of the RB torque on the rear wheel according to the

maximum available RB torque and the total desired braking torque. As shown in Fig 3-13., β is increasing
within its limited range to ensure enough braking torque and recover more energy. As shown in Figure 3-

10., RCB torque on front wheel rises and RB torque on the rear wheel decreases.
At last stage from 7.638s to 8s, because of the low vehicle speed the RB torque is too little to be utilised
even for the maximum β where the RB torque accounts the least proportion on the rear wheel and the
most braking torque is provided by the RCB torque on the front wheel. So, all the braking torque is

provided by the RCB system which consumes power with a constant braking torque distribution 0.5.

3.4 Conclusion
In this Chapter, firstly an available RB torque estimation method is proposed to calculate the maximum
available RB torque at a certain vehicle speed. So, a compensation torque could be decided by the error of
desired braking torque and the current maximum RB torque which is generated by the RCB system in this
thesis. Secondly, a maximum regenerative efficiency braking torque distribution is proposed based on the
ECE-R13 regulation. According to this regulation, the braking torque distribution is constrained between
an upper limit and a lower limit regarding different braking severity. By adjusting the braking torque
distribution, namely, allocating more RCB torque on front wheel and less RB torque on rear wheel. Thus,
not only the braking safety has been ensured but also the RB system is made full use of.
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Chapter 4
Emergency Braking Control Strategy
4.1 introduction
An emergency braking control strategy should be designed to cope with emergency braking situation
where a strong deceleration is required to stop the vehicle as soon as possible rather than decelerate the
vehicle to a lower speed or stop the vehicle leisurely within enough braking distance and enough braking
time. So braking performance and braking safety should be the key indicators for an emergency braking
control strategy. The demand of emergency braking could be identified by pedal displacement ≥ 80% or
pedal stepping angular speed ≥120 rad/s [37]. In this situation, braking safety and minimum braking
distance are main points to be considered, so only plugging braking is adopted to generate braking torque.
During emergency braking, in order to stop the vehicle as soon as possible, a strong braking force will be
exerted on wheels and it may lead to tyre locked and wheel slipping when the braking force is bigger than
the maximum friction between tyres and the road surface. According to the braking dynamic
characteristics, the tyre obtains the maximum friction when the tyre slips at the optimal slip ratio, and in
this paper, the optimal slip ratio is selected as a constant 0.2 [70]. Aiming at the best braking
performance, the slip ratio is required to track the optimal slip ratio. Emergency braking is a short and
severe deceleration so there are parameter perturbation and outer disturbance to the braking control
system. SMC is a kind of advanced control strategy which has good robustness and global stability.
However, the most flaw of the SMC is system chattering which may lead to bad control performance. The
sigh function from -1 to 1 usually brings the SMC system chattering, thus the fractional-order integral
term is introduced into SMC system in this thesis to reduce the stable state difference and system
chattering.

4.2 Vehicle dynamics model for emergency braking
The basic vehicle dynamic model is as he same to the normal braking situation as discussed in Chapter 3
while the difference between emergency braking and normal braking is that the severe braking torque
may lock the wheel and there will be a slip between tyre and road. So, the slip ratio should be defined
firstly as
𝜆𝜆𝑓𝑓 =

𝜆𝜆𝑟𝑟 =

𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐 −𝜔𝜔𝑓𝑓 ∙𝑟𝑟

(4-1)

𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐 −𝜔𝜔𝑟𝑟 ∙𝑟𝑟

(4-2)

𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐

𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐

where 𝜆𝜆𝑓𝑓 and 𝜆𝜆𝑟𝑟 are the slip ratio of front and rear wheel respectively, 𝜔𝜔𝑓𝑓 and 𝜔𝜔𝑟𝑟 are the angular speed of

front and rear wheel and 𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐 is the vehicle speed. Because there might be slip between tyres and road, (3-

11) and (3-12) cannot be applied in emergency braking situation and the relationship between wheel

angular velocity and vehicle speed is ought to be decided according to (4-1) and (4-2). And the tyre-road
friction is varying regarding different slip ratios. The model used in [51] is based on the tyre friction
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model developed by Burckhardt and Reimpell (1993) which gives the friction coefficient between the tyre
and road as a function of wheel slip ratio as:
μ(𝜆𝜆) = 𝐶𝐶1 �1 − 𝑒𝑒 −𝐶𝐶2𝜆𝜆 � − 𝐶𝐶3 𝜆𝜆

(4-3)

where 𝐶𝐶1 , 𝐶𝐶2 and 𝐶𝐶3 are constants for different road conditions.

𝐶𝐶1 is the maximum value of the friction curve, 𝐶𝐶2 represents the shape of the friction curve and 𝐶𝐶3 is the

difference between the peak value of the friction curve and the value when the slip ratio is one. In the
normal braking situation, there is no slip between tyre and road so the braking force and the rolling

friction are both viewed as resistant force to the vehicle. However, there will be slip during the braking
process so the braking force is to prevent wheel from rolling and meanwhile the tyre-road friction is to
maintain wheel rolling, thus the braking force and the friction are opposite direction. So (3-11) and (3-12)
should be rewritten as
1

(4-4)

𝜔𝜔̇ 𝑟𝑟 = − (𝑇𝑇𝑏𝑏𝑏𝑏 − 𝐹𝐹𝑥𝑥𝑥𝑥 )

1

(4-5)

𝐹𝐹𝑥𝑥𝑥𝑥 = 𝜇𝜇(𝜆𝜆)𝐺𝐺𝑟𝑟

(4-7)

𝜔𝜔̇ 𝑓𝑓 = − (𝑇𝑇𝑏𝑏𝑏𝑏 − 𝐹𝐹𝑥𝑥𝑥𝑥 )
𝐽𝐽

𝐽𝐽

𝐹𝐹𝑥𝑥𝑥𝑥 = 𝜇𝜇(𝜆𝜆)𝐺𝐺𝑓𝑓

(4-6)

where 𝐹𝐹𝑥𝑥𝑥𝑥 and 𝐹𝐹𝑥𝑥𝑥𝑥 are the adhesion force of front and rear wheel.

4.3 Fractional Sliding Mode Control
Sliding Mode Control is a kind of typical nonlinear Variable Structure Control strategy due to its varying
controller structure during the control process. Its core characteristic is that the control system structure
alters according to the system state against the uncertainty and disturbance. System state will approach
and reach the sliding surface, and finally keep sliding on the sliding surface. Because of the selfadaptability against the outer disturbance and system parameter perpetuation, it is obvious that sliding
mode control has strong robustness. Based on these advantages, SMC is a very proper control strategy for
emergency braking system because under a severe braking force the whole vehicle becomes unstable and
there will be a strong disturbance.
In order to ensure that the control system could always starts from the sliding surface, eliminate the
reaching phase and eliminate the steady-state error, an integral term is added to the sliding surface which
is known as integral sliding mode control. But the order of integral order integration is less precise than a
fractional-order, so a fractional-order integral SMC is adopted in emergency braking control by
introducing an integral term of error.
Fractional-order calculus is usually expressed as 𝜀𝜀𝐷𝐷𝑡𝑡𝛿𝛿 and 𝜀𝜀𝐽𝐽𝑡𝑡𝛿𝛿 , where δ is the fractional-order, ε and ζ are

the upper and lower limit of integration. Riemann-Liouville definition of fractional-order integration is
𝛿𝛿
𝜀𝜀𝐽𝐽𝑡𝑡 𝑓𝑓(𝑡𝑡)

=

𝑡𝑡
1
∫ (𝑡𝑡
𝛤𝛤(𝛿𝛿) 𝜀𝜀

− 𝜏𝜏)𝛿𝛿−1 𝑓𝑓(𝜏𝜏)𝑑𝑑𝑑𝑑 𝛿𝛿 ∈ 𝑅𝑅+
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(4-8)

where τ is an arbitrary real number, 𝑎𝑎 and 𝑡𝑡 are the upper and lower limit of the integral. And Γ(𝑥𝑥) is
Gamma function which is called generalised fractional and expressed as follow
∞

𝛤𝛤(𝑥𝑥) = ∫0 𝑡𝑡 𝑥𝑥−1 𝑒𝑒 −𝑡𝑡 𝑑𝑑𝑑𝑑

(4-9)

When 𝑥𝑥 is positive, the Gamma function is a common fractional expression. And the FOI type sign
function is

𝛿𝛿
𝜀𝜀𝐽𝐽𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)

Where 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) is sign function

(4-10)

𝑡𝑡 > 0
𝑡𝑡 = 0
𝑡𝑡 < 0

1
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) = � 0
−1

(4-11)

As for the FOI of sign function, the sign of 𝑓𝑓(𝑡𝑡) could be extracted from 𝜀𝜀𝐽𝐽𝑡𝑡𝛿𝛿 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝑓𝑓(𝑡𝑡)� [71].

According to the idea in [49, 72], an integral sliding mode controller based on fractional-order sign
function is designed in this section.
First, a state variable is defined as
𝜆𝜆𝑓𝑓 − 𝜆𝜆𝑑𝑑𝑑𝑑
�
𝑥𝑥 = �
𝜆𝜆𝑟𝑟 − 𝜆𝜆𝑑𝑑𝑑𝑑

(4-12)

where 𝜆𝜆𝑖𝑖 is the real slip ratio, 𝜆𝜆𝑑𝑑𝑖𝑖 is the desired slip ratio, 𝑓𝑓 and 𝑟𝑟 stand for front and rear respectively.
Then the state formula could be obtained as

𝜆𝜆𝑓𝑓̇ − 𝜆𝜆̇𝑑𝑑𝑑𝑑
�
𝑥𝑥̇ = �
𝜆𝜆̇𝑟𝑟 − 𝜆𝜆̇𝑑𝑑𝑑𝑑

Substituting (4-4) and (4-5) in (4-9)

(4-13)

2

−1 1−𝜆𝜆𝑓𝑓
𝑟𝑟
𝑟𝑟
𝜆𝜆𝑓𝑓̇ = �
+ � 𝐹𝐹𝑥𝑥𝑥𝑥 + 𝑇𝑇𝑏𝑏𝑏𝑏
𝑀𝑀
𝐽𝐽𝑟𝑟
𝑣𝑣
𝑣𝑣𝐽𝐽𝑟𝑟
�
−1 1−𝜆𝜆
𝑟𝑟 2
𝑟𝑟
𝜆𝜆̇𝑟𝑟 = � 𝑟𝑟 + � 𝐹𝐹𝑥𝑥𝑥𝑥 + 𝑇𝑇𝑏𝑏𝑏𝑏
𝑣𝑣

And the state space expression is

𝑣𝑣̇

−
where 𝐴𝐴 = � 𝑣𝑣

−

𝑟𝑟

−
𝐽𝐽 𝑣𝑣
�, 𝐵𝐵 = � 𝑟𝑟
𝑣𝑣̇
𝑣𝑣

𝑀𝑀

𝐽𝐽𝑟𝑟

(4-14)

𝑣𝑣𝐽𝐽𝑟𝑟

𝑥𝑥̇ = 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵 + 𝐷𝐷
−

𝑟𝑟

𝐽𝐽𝑟𝑟 𝑣𝑣

𝐹𝐹𝑥𝑥𝑥𝑥 𝑟𝑟 2

�, and 𝐷𝐷 = �

𝐽𝐽𝑟𝑟 𝑣𝑣

𝐹𝐹𝑥𝑥𝑥𝑥 𝑟𝑟 2
𝐽𝐽𝑟𝑟 𝑣𝑣

(4-15)

𝜆𝜆𝑑𝑑𝑑𝑑 𝑣𝑣̇
𝑣𝑣̇
− 𝜆𝜆̇𝑑𝑑𝑑𝑑 +
+

− 𝜆𝜆̇𝑑𝑑𝑑𝑑 +

By introducing the fractional integration sliding surface is defined as
𝑡𝑡

𝑡𝑡

S = 𝑥𝑥 + 𝑐𝑐 ∫0 𝑥𝑥(𝑡𝑡)𝑑𝑑𝑑𝑑 + 𝑚𝑚𝑒𝑒 −𝑛𝑛

𝑣𝑣

𝜆𝜆𝑑𝑑𝑑𝑑 𝑣𝑣̇
𝑣𝑣

+

𝑣𝑣

𝑣𝑣̇

𝑣𝑣

�

(4-16)

𝑡𝑡

where 𝑐𝑐 and 𝑚𝑚 are constants, and 𝑒𝑒 −𝑛𝑛 is a time varying term. According to the definition of fractional

integration, selection of 𝑐𝑐 should satisfy the Hurwits polynomial and selection of 𝑛𝑛 should satisfy both

requirement of converging speed and calculation precision. Besides, in order to ensure the system state in
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on the sliding surface, the initial condition should satisfy 𝑆𝑆(𝑥𝑥, 0) = 0 ,namely, 𝑚𝑚 = −𝑥𝑥(0). At the sliding
stage, system must satisfy 𝑆𝑆 = 0 and 𝑆𝑆̇ = 0, namely,

𝑡𝑡

𝑚𝑚
𝑆𝑆̇ = 𝑥𝑥̇ + 𝑐𝑐𝑐𝑐 − 𝑒𝑒 −𝑛𝑛 = 0
𝑛𝑛

Substituting (4-8), (4-9) and (4-10), 𝑆𝑆̇ is obtained as
1

𝑣𝑣̇ 𝑣𝑣(1−𝜆𝜆𝑓𝑓 )− (𝑇𝑇𝑏𝑏𝑏𝑏 −𝐹𝐹𝑥𝑥𝑥𝑥 ⋅𝑟𝑟)𝑟𝑟𝑟𝑟
𝐽𝐽

𝑆𝑆̇ = �

𝑣𝑣 2
1
𝑣𝑣̇ 𝑣𝑣(1−𝜆𝜆𝑟𝑟 )− (𝑇𝑇𝑏𝑏𝑏𝑏 −𝐹𝐹𝑥𝑥𝑥𝑥 ⋅𝑟𝑟)𝑟𝑟𝑟𝑟
𝐽𝐽
𝑣𝑣 2

+ 𝑐𝑐(𝜆𝜆𝑓𝑓 − 𝜆𝜆𝑑𝑑𝑑𝑑 ) +

+ 𝑐𝑐(𝜆𝜆𝑟𝑟 − 𝜆𝜆𝑑𝑑𝑑𝑑 ) +

(4-17)

𝜆𝜆𝑓𝑓 −𝜆𝜆𝑑𝑑𝑓𝑓

By substituting 4-13 into 4-14 and the braking torque is acquired as
𝐽𝐽𝑟𝑟 𝑣𝑣̇ (1−𝜆𝜆𝑓𝑓 )

𝐽𝐽 𝑣𝑣

𝑟𝑟

𝑟𝑟

𝑛𝑛

𝜆𝜆𝑟𝑟 −𝜆𝜆𝑑𝑑𝑑𝑑
𝑛𝑛

𝑡𝑡

𝑒𝑒 −𝑛𝑛

𝑒𝑒

𝑡𝑡
𝑛𝑛

−

�=0

𝑡𝑡

+ 𝑟𝑟 (𝑐𝑐 + 𝑒𝑒 −𝑛𝑛 )(𝜆𝜆𝑓𝑓 − 𝜆𝜆𝑑𝑑𝑑𝑑 )
𝐹𝐹𝑥𝑥𝑥𝑥 ⋅ 𝑟𝑟 +
𝑟𝑟
𝑟𝑟
�
𝑇𝑇𝑏𝑏𝑏𝑏 = �
𝑡𝑡
𝐽𝐽𝐽𝐽𝑟𝑟 (1−𝜆𝜆𝑟𝑟 )
𝐽𝐽𝑟𝑟 𝑣𝑣
+ (𝑐𝑐 + 𝑒𝑒 −𝑛𝑛 )(𝜆𝜆𝑟𝑟 − 𝜆𝜆𝑑𝑑𝑑𝑑 )
𝐹𝐹𝑥𝑥𝑥𝑥 ⋅ 𝑟𝑟 +

(4-18)

(4-19)

The fractional integration based exponential approaching law is selected as
∧

𝑇𝑇𝑏𝑏𝑏𝑏 = −𝑘𝑘𝑘𝑘 + 𝜂𝜂𝐽𝐽𝛿𝛿 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠)

(4-20)

Substituting 4-16 into 4-15, the system output is calculated as
𝐽𝐽𝑟𝑟 𝑣𝑣̇ (1−𝜆𝜆𝑓𝑓 )

𝐽𝐽 𝑣𝑣

𝑟𝑟

𝑟𝑟

𝑡𝑡

+ 𝑟𝑟 (𝑐𝑐 + 𝑒𝑒 −𝑛𝑛 )(𝜆𝜆𝑓𝑓 − 𝜆𝜆𝑑𝑑𝑑𝑑 ) − 𝑘𝑘𝑘𝑘 + 𝜂𝜂𝐽𝐽𝛿𝛿 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠)
𝐹𝐹𝑥𝑥𝑥𝑥 ⋅ 𝑟𝑟 +
𝑟𝑟
𝑟𝑟
�
𝑢𝑢 = �
𝑡𝑡
𝐽𝐽 𝑣𝑣̇ (1−𝜆𝜆𝑟𝑟 )
𝐽𝐽 𝑣𝑣
+ 𝑟𝑟 (𝑐𝑐 + 𝑒𝑒 −𝑛𝑛 )(𝜆𝜆𝑟𝑟 − 𝜆𝜆𝑑𝑑𝑑𝑑 ) − 𝑘𝑘𝑘𝑘 + 𝜂𝜂𝐽𝐽𝛿𝛿 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠)
𝐹𝐹𝑥𝑥𝑥𝑥 ⋅ 𝑟𝑟 + 𝑟𝑟

(4-21)

In the emergency braking system, the torque actuator is the same as the RCB system with the same motor
control system as discussed in Chapter 3.

4.4 Emergency control system analysis
4.4.1 Stability analysis
In order to prove that the system is stable, the Lyapnove function is defined as
1

𝑉𝑉 = 𝑆𝑆 2

When 𝑆𝑆 > 0

1
𝐽𝐽𝑟𝑟

𝑣𝑣̇ 𝑣𝑣(1−𝜆𝜆𝑓𝑓 )− (𝑇𝑇𝑏𝑏𝑏𝑏 −𝐹𝐹𝑥𝑥𝑥𝑥 ⋅𝑟𝑟)𝑟𝑟𝑟𝑟

𝑉𝑉̇ = 𝑆𝑆𝑆𝑆̇ = 𝑆𝑆 �
For 𝑆𝑆 > 0, by substituting

Then

(4-22)

2

𝑣𝑣 2
1
𝑣𝑣̇ 𝑣𝑣(1−𝜆𝜆𝑟𝑟 )− (𝑇𝑇𝑏𝑏𝑏𝑏 −𝐹𝐹𝑥𝑥𝑥𝑥 ⋅𝑟𝑟)𝑟𝑟𝑟𝑟
𝐽𝐽𝑟𝑟
𝑣𝑣 2

𝐽𝐽𝑟𝑟 𝑣𝑣̇ (1−𝜆𝜆𝑓𝑓 )

𝐽𝐽 𝑣𝑣

𝑟𝑟

𝑟𝑟

+ 𝑐𝑐(𝜆𝜆𝑓𝑓 − 𝜆𝜆𝑑𝑑𝑑𝑑 ) +

+ 𝑐𝑐(𝜆𝜆𝑟𝑟 − 𝜆𝜆𝑑𝑑𝑑𝑑 ) +
𝑡𝑡

𝜆𝜆𝑓𝑓 −𝜆𝜆𝑑𝑑𝑑𝑑
𝑛𝑛

𝜆𝜆𝑟𝑟 −𝜆𝜆𝑑𝑑𝑑𝑑
𝑛𝑛

𝑡𝑡

𝑒𝑒 −𝑛𝑛

𝑒𝑒

𝑡𝑡
𝑛𝑛

−

�

+ 𝑟𝑟 (𝑐𝑐 + 𝑒𝑒 −𝑛𝑛 )(𝜆𝜆𝑓𝑓 − 𝜆𝜆𝑑𝑑𝑑𝑑 ) − 𝑘𝑘𝑘𝑘 + �𝜂𝜂𝐽𝐽𝛿𝛿 �
𝑇𝑇𝑏𝑏𝑏𝑏 = 𝐹𝐹𝑥𝑥𝑥𝑥 ⋅ 𝑟𝑟 +
𝑟𝑟
𝑟𝑟
�
𝑡𝑡
𝐽𝐽𝑟𝑟 𝑣𝑣̇ (1−𝜆𝜆𝑟𝑟 )
𝐽𝐽𝑟𝑟 𝑣𝑣
+ (𝑐𝑐 + 𝑒𝑒 −𝑛𝑛 )(𝜆𝜆𝑟𝑟 − 𝜆𝜆𝑑𝑑𝑑𝑑 ) − 𝑘𝑘𝑘𝑘 + �𝜂𝜂𝐽𝐽𝛿𝛿 �
𝑇𝑇𝑏𝑏𝑏𝑏 = 𝐹𝐹𝑥𝑥𝑥𝑥 ⋅ 𝑟𝑟 +
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(4-23)

𝑟𝑟�−�𝜂𝜂𝐽𝐽
𝑉𝑉̇ = 𝑆𝑆𝑆𝑆̇ = 𝑆𝑆

𝛿𝛿 �+𝑘𝑘𝑘𝑘�

𝑣𝑣

When parameters are selected properly satisfying �𝜂𝜂𝐽𝐽𝛿𝛿 � > 𝑘𝑘𝑘𝑘
For 𝑆𝑆 < 0, by substituting

Then

𝑟𝑟�−�𝜂𝜂𝐽𝐽
𝑉𝑉̇ = 𝑆𝑆𝑆𝑆̇ = 𝑆𝑆

𝛿𝛿 �+𝑘𝑘𝑘𝑘�

𝑣𝑣

𝐽𝐽𝑟𝑟 𝑣𝑣̇ �1−𝜆𝜆𝑓𝑓 �

𝐽𝐽 𝑣𝑣

𝑟𝑟

𝑟𝑟

≤0

(4-24)

(4-25)

𝑡𝑡

+ 𝑟𝑟 �𝑐𝑐 + 𝑒𝑒 −𝑛𝑛 � �𝜆𝜆𝑓𝑓 − 𝜆𝜆𝑑𝑑𝑑𝑑 � − 𝑘𝑘𝑘𝑘 − �𝜂𝜂𝐽𝐽𝛿𝛿 �
𝑇𝑇𝑏𝑏𝑏𝑏 = 𝐹𝐹𝑥𝑥𝑥𝑥 ⋅ 𝑟𝑟 +
𝑟𝑟
𝑟𝑟
�
𝑡𝑡
𝐽𝐽𝑟𝑟 𝑣𝑣̇ (1−𝜆𝜆𝑟𝑟 )
𝐽𝐽𝑟𝑟 𝑣𝑣
+ �𝑐𝑐 + 𝑒𝑒 −𝑛𝑛 � (𝜆𝜆𝑟𝑟 − 𝜆𝜆𝑑𝑑𝑑𝑑 ) − 𝑘𝑘𝑘𝑘 − �𝜂𝜂𝐽𝐽𝛿𝛿 �
𝑇𝑇𝑏𝑏𝑏𝑏 = 𝐹𝐹𝑥𝑥𝑥𝑥 ⋅ 𝑟𝑟 +
𝑟𝑟��𝜂𝜂𝐽𝐽
𝑉𝑉̇ = 𝑆𝑆𝑆𝑆̇ = 𝑆𝑆

𝛿𝛿 �+𝑘𝑘𝑘𝑘�

When parameters are selected properly satisfying �𝜂𝜂𝐽𝐽𝛿𝛿 � + 𝑘𝑘𝑘𝑘 >0
So the system is proved to be stable.

𝑟𝑟��𝜂𝜂𝐽𝐽
𝑉𝑉̇ = 𝑆𝑆𝑆𝑆̇ = 𝑆𝑆

(4-26)

𝑣𝑣

𝛿𝛿 �+𝑘𝑘𝑘𝑘�

𝑣𝑣

≤0

(4-27)

4.4.2 System approaching speed analysis
It is obviously shown that the valve of fractional integration type sign function 𝜀𝜀𝐽𝐽𝑡𝑡𝛿𝛿 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝑓𝑓(𝑡𝑡)� ≫ 1 and
function value varies with the order varying. According to Oustaloup Approximation, selecting Gamma
order 0.5, frequency range [0.001, 1000], and approximate order 5 the fractional-order integral sign
function expression is compared with integral order sign function in Figure 4-1.

Figure 4-1. Comparison between FOI sign function and sign function
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From Figure 4-1, the value of the FOI sign function is much bigger than 1 when the sign function
switches and attenuates to a value less than 1 rapidly. From a control view, this sign function could
implement that the control system acts fast under a big error and acts slow under a small error which is
self-adaptive adjust. Thus, the controller is improved on approaching speed and has less chattering.

4.4.3 Chattering analysis
The chattering amplitude is analysed through the discrete sign function as follow
𝑆𝑆(𝑛𝑛 + 1) − 𝑆𝑆(𝑛𝑛) = −𝜂𝜂𝐽𝐽𝛿𝛿 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠)𝑇𝑇

where 𝑇𝑇 is the sample time.

(4-28)

When system adjacent reaches the sliding surface from the side 𝑆𝑆 > 0 or 𝑆𝑆 < 0 within finite time, S(𝑛𝑛) =

0+ is obtained and the expression in next sample period is as:[73]:
where 𝑞𝑞0 = 1 and 𝑞𝑞𝑗𝑗 = �1 +

𝜆𝜆−1
𝑗𝑗

𝑆𝑆(𝑛𝑛 + 1) = 𝑘𝑘𝑇𝑇 𝛿𝛿 ∑𝑛𝑛+1
𝑗𝑗=0 𝑞𝑞𝑗𝑗

(4-29)

� 𝑞𝑞𝑗𝑗−1 . Equation (4-25) is the width of sliding mode switching band.

Due to the sample time is far less than 1 and the order of FOI sign function is 0 > 𝛿𝛿 > 1, the band width
of FOI sign function is far less than integral order integration sign function. Thus, considering its good
performance the FOI sign function is selected.

4.5 Simulations
4.5.1 FOISMC performance analysis
In this section, only the performance of FOISMC emergency braking controller is discussed and the
emergency braking torque actuator, namely, the motor will be involved and discussed in next section.
In order to verify the feasibility of the proposed novel emergency braking control system, the numerical
simulation is conducted with Matlab/Simulink. The parameters of emergency braking system are listed in
Table 3-1 and the parameters of tyre-road model are listed in Table 4-1. In this section, the motor torque
is expanded by ten times with a reducer rather than motor connected to the wheel directly.
Table 4-1 Parameters of the tyre-road model for various surfaces
Surface condition
Cobble wet

𝐶𝐶1

0.4004

𝐶𝐶2

33.708

𝐶𝐶3

0.1204

In the first test, the initial vehicle velocity is set as 25 m/s and the optimal slip ratio is selected as 0.2. In
order to test the control system performance, a disturbance noise with -100 Nm amplitude is added on the
tyre-road friction and a 1000 Nm pulse occurs at the fifth second and lasts half second. The simulation
results are shown in Figure 4-2 to 4-5(d). The simulation results show that the braking torque and vehicle
slip ratio are well controlled by the FOISMC system, and the vehicle speed is decelerated to 0 steadily.
Because the bicycle model is selected the load movement is considered. In addition, the load movement
leads to the gravity force on front wheel is larger than the rear wheel so the tyre road friction of front and
rear wheel is different. So, in order to make both front and rear wheel track the optimal slip ratio, the
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braking torque of front and rear wheel should be different. And in order to be closer to reality, and
considering that a motor braking actuator will be adopted (which will be discussed in next section) as the
braking torque actuator the controller output braking torque is limited in 2500 Nm. Under the motor
parameters we define the maximum torque is 250 Nm, so in order to prevent the motor working over its
peak torque the output of controller is limited in 2500 Nm to simulate the motor torque expanded by a ten
times reducer in reality.
In Figure 4-2, it is shown that the braking torque is well controlled to make the vehicle track the optimal
slip ratio and the braking torque of front and rear wheel is calculated differently. In order to simulate the
real disturbance in reality where there might be a bump on the road during the emergency braking, which
provides an extra dragging force to the vehicle. So, a disturbance pulse of 1000 Nm is pre-set occurring at
the fifth second to simulate a real noise. With the 1000 Nm pulse added to tyre-road friction, it is shown
that the FOISMC output braking torque could react fast to cope with the disturbance where the braking
torque is fast decreased to maintain the overall braking force constant.

Figure 4-2. The controlled braking torque by FOISMC
From Figure 4-3 (𝑎𝑎), although there is a noise disturbance added on the tyre-road friction, it could be

obviously seen that the slip ratio can track the optimal slip ratio 0.2 with the braking torque acts on

vehicle wheels. As shown in Figure 4-2, a big pulse disturbance is added to the braking system, however,
after the braking torque adjustment the influence on slip ratio is very tiny, and the slip ratio is basically
kept constant.
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Figure 4-3. The overall performance of slip ratio of front wheel and rear wheel

The overall optimal slip ratio tracking performance is shown in Figure 4-3 and it is clear that the control
system is able to respond fast and track the optimal slip ratio even with a torque disturbance.

Figure 4-4. The slip ratio transient response of front wheel and rear wheel
Because there is a load movement between front and rear wheel, there is less gravity allocated on rear
axle. So, the slip ratio of rear wheel reaches the optimal slip ratio faster and earlier than the front wheel as
shown in Figure 4-4.
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Figure 4-5. Vehicle speed decreasing with initial value 25 m/s

Figure 4-6. Front and rear wheel angular velocity decreasing with initial value 83.3 rad/s

Figure 4-5 shows that the vehicle speed is decreased to 0 m/s from 25 m/s in 5.3s and the angular velocity
od front and rear wheel. Due to the slip ratios of front and rear wheel are well controlled simultaneously,
so the angular velocities of front and rear wheel are decreasing simultaneously as shown in Figure 4-6.

In the case of emergency braking control, in order to ensure braking safety and improve braking
performance, a RCB actuator, namely, motor plugging braking is used to generate the braking torque.
As for the emergency braking system, the control goal is to make wheel slip ratio track the optimal slip
ratio. For emergency braking controller comparison, a braking system controlled by traditional SMC and
Bang-bang controller are selected in literature [74]. And in order to have clear comparison with the
controller performance designed in previous literature, the noise and pulse disturbance is removed in
following results comparison.
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Figure 4-7. Vehicle and wheel speed with Bang-bang controller

Figure 4-8. Vehicle and wheel speed with SMC controller
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Figure 4-9. Vehicle and wheel speed with proposed FOISMC controller

From Figure 4-7 to Figure 4-9, a comparison is made between Bang-bang controller, SMC
controller and the proposed FOISMC controller. It is shown that the proposed FOISMC controller is able
to control the braking torque precisely and has less chattering.

Figure 4-10. Slip ratio with Bang-bang, SMC controller and the proposed FOISMC controller.
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It is shown in Figure 4-10 that slip ratio controlled by Bang-bang control and SMC control responses
faster than the proposed FOISMC system, however, the stability and system chattering of FOISMC is
better than Bang-bang and SMC controller.
From simulation results in this section, firstly it can be seen that the FOISMC emergency braking control
system performs well with noise and pulse disturbance. Secondly, compared with the results in [74], the
FOISMC controller performance is better regarding three aspect.

4.5.2 Whole emergency braking system performance analysis
After showing the control performance of controller, it must be known that the braking torque actuator
plays a very important role in the whole emergency braking system. So, in this section, a motor plugging
braking actuator is introduced into the whole emergency braking system. And the braking performance is
discussed and compared with previous research in this section.

In order to verify the braking torque control and compare the brake performance, a hydraulic ABS
braking system and motor ABS braking system from [74] are selected as the comparison objectives.
According to the electric machinery theory, different rotating speeds generate different back EMF so the
motor electromagnetic torque response speed is related to the vehicle speed. In Figure 4-6 (a) comparison
is made with the initial vehicle speed 25 m/s.

Figure 4-11. Braking torque compared with hydraulic braking with initial speed 25 m/s
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Figure 4-12. Braking torque compared with SMC motor braking with initial speed 25 m/s
From Figure 4-11, it is obvious that the hydraulic braking controlled by SMC has larger overshoot and the
control quality has less stability than the proposed emergency braking system in this thesis. Because the
integral term could eliminate the steady error and the absolute value of an integral sign function is much
bigger than the common sign function which is -1 or 1 when the error is big. And the proposed motor
plugging emergency braking system responses faster than the hydraulic braking system. Because the
hydraulic system is much complicated and mechanical system response is usually delayed by the inertia
and gear seam, however, for the motor the electromagnetic torque could be built much faster by the
voltage which reacts much quicker than the hydraulic system. In Figure 4-12, the proposed braking
system is compared with a SMC controlled ABS motor braking, and through the comparison it is known
that in the SMC controlled braking system, the over shoot lasts longer time than the proposed FOISMC
controlled emergency braking system.

Figure 4-13. Slip ratio compared with other actuators with initial speed 25 m/s
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As shown in Figure 4-13, hydraulic and hybrid braking system perform the worst in numerical simulation
results, because both hydraulic braking actuators in these two kinds of braking system and hydraulic
system is less controllable and precise than motor braking system. The SMC controlled motor ABS
braking system performs better than hydraulic and hybrid system but with a larger overshoot than the
FOISMC braking system. The proposed FOISMC braking system makes the vehicle track the optimal slip
ratio very well but responses a little bit slower than the SMC motor braking system.
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Chapter Chapter 5
Conclusion and future work
5.1 Overview
The main focus of this thesis has been on the research on fully electrified braking system for EVs. In the
literature review, the current research state and research gaps were identified in Chapter 1 and 2. A
comprehensive review of the literature on regenerative braking system and control strategies were
reported in Chapter 2. The review mainly contained three related fields: (i) various RB systems (ii)
control algorithms and braking torque distribution strategies for RB systems and (iii) emergency braking
system. The designed available RB torque estimation, braking torque distribution strategy, implement of
RB and emergency braking control strategy were analysed by numerical simulation.
The major outcomes of this thesis can be summarized as: (i) a novel available RB torque estimation is
carried out from a generator system rather than motor system (ii) a torque distribution based on ECE-R13
regulation is designed (iii) a novel fractional-order integral sliding mode control algorithm is designed for
emergency braking situation.
In this chapter, the major outcomes of this thesis are outlined and the prospect of the future for PhD study
is discussed.

5.2 Main contributions
(1) Available RB torque estimation method
While the PMSM works at RB mode, the motor works as a generator. So, the input and output
relationship should be analysed regarding the system as a generator control system. According to the
formula of back EMF, the stator voltage is decided by the rotating speed. Because the stator resistance,
stator inductance and load resistance are approximate constants, under a certain angular speed the stator
current will be a particular value. So, the maximum electromagnetic torque, namely, RB torque could be
calculated by the stator current which means the maximum available RB torque under a particular speed
could be determined.
(2) Braking torque distribution strategy based on ECE-R13 Regulation
In order to ensure braking safety, the braking torque distribution regulation is published by the Economic
Commission of Europe which clearly regulated the distribution limits for different type of vehicles
regarding to different braking severity. Only braking torque strategies satisfy the regulation will it be
meaningful to be implemented in the reality. So, based on the available RB torque estimation in the
formal chapter, a braking torque distribution strategy is designed to have the best energy recycle
efficiency. If the RB torque cannot meet the driver’s braking intention a reverse current braking torque
will make a compensation especially when the vehicle speed is too low to generate enough
electromagnetic torque, namely, RB torque.
(3)A novel emergency braking control strategy
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The conventional SMC algorithm based emergency braking control strategy is further improved by
adding a fractional-order integration term to the sliding surface and sign function. Performance of the new
control system is analysed and compared with a conventional SMC system. Numerical simulation shows
that the novel control system performs better than the conventional one.

5.3 Future work
The author has applied for a PhD offer in University of Wollongong to do further research in the fully
electrified braking system field. So as far as the future work is concerned, the research in this thesis can
be extend in following directions.
i.

In this thesis, only numerical simulations are conducted to verify the feasibility while in our
laboratory there is a transmission system has been built and tested. Thus, for the future work,
an RB system could be built and experiments could be conducted to implement the RB control
strategy.

ii.

In our research group, a novel Magnetorheological Fluid Dual Clutch Transmission
(MRFDCT) has been built which could be used to implement a cooperative control between
RB system and gear shifting to improve the RB efficiency and braking performance.

iii.

Safety and reliability are two important evaluation index for the pure electrical braking system.
So, the fail-safe control strategy should be further studied to improve the braking safety.

iv.

In reality, the braking process is a complicate synthesis of multiple effect factors such as
driver’s steering wheel manipulation, latitudinal force effect and road condition varying. So
in order to have a better braking control system, these factors should be considered in control
algorithms and observers or sensors should be add into the control system.
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